Introduction
Electromagnetic fields (EMF) are ubiquitously distributed in our everyday environment. In particular, radiofrequency (RF) EMF exposure has considerably been increasing in the last two decades due to the widespread application of wireless communication technologies. Parts of the population complain that RF-EMF exposure causes health disturbances such as sleeping problems, headache or nervousness [2] [3] [4] . These individuals also often claim to be able to perceive RF-EMF in their daily life [5] . The attribution of non-specific symptoms to EMF exposure is described as electromagnetic hypersensitivity (EHS) or idiopathic environmental intolerance attributed to electromagnetic fields (IEI-EMF) [6] [7] [8] .
In principle, two types of RF-EMF exposure have to be differentiated in our daily life: near-field and farfield exposure situations. Near-field exposure occurs while using communication devices such as mobile or cordless phones close to the body (<10 to 30 cm). More distant RF-EMF sources such as mobile phone base stations or W-LAN access points result in far-field exposures. In the latter case, the exposure of the whole body is relatively homogenous and the levels are considerably lower than the local maximum levels that occur by using a mobile phone [9] . In addition, far-field exposures usually are prolonged and can also occur during the night. Far-field exposure is less controllable than exposure from near-field sources, which can be turned on and off by the users. This may explain why most people are more concerned about health disturbances caused by mobile phone base stations than by mobile phones [4] .
The association between RF-EMF exposure and non-specific symptoms has been investigated either by experimental or by observational studies. Both approaches have their merits and limitations. Experimental studies allow the application of well-defined exposure conditions in a randomized and blinded way, which minimizes the impact of bias. According to the GRADE approach (Grading of Recommendations Assessment, Development and Evaluation) [10] doubleblind randomized trials provide the highest degree of evidence. However, only short-term effects in relatively small collectives can be investigated. Furthermore, subtle effects on well-being may be missed in a stressful experimental setting in an unfamiliar environment. These limitations can be avoided by observational research. However, observational studies are prone to biases such as exposure misclassification, participation bias, and confounding. With regard to non-specific symptoms, selective outcome reporting is an additional source of bias.
A previous systematic review evaluated all studies on RF-EMF exposure and non-specific symptoms of ill health published prior to August 2007 [1] . On the basis of eight randomized trials investigating 194 EHS and 346 non-EHS individuals in a laboratory setting, there was little evidence that short-term exposure to mobile phones or base stations caused non-specific symptoms. Some of the trials provided evidence for the occurrence of nocebo effects indicating that the participants developed symptoms when they believed to be exposed to RF-EMF. At that time, only a few observational studies were available: in most of these studies health effects were reported. However, these studies did not allow to differentiate between biophysical and nocebo effects as they were mostly conducted in the vicinity of large transmitters (e.g. short-wave transmitters).
Since the publication of the previous review [1] , numerous studies on non-specific symptoms have been published. The aim of this paper is to update the previous systematic review with the most recent research and to evaluate the evidence for a relationship between RF-EMF exposure and health-related quality of life. In particular, we aimed to elucidate whether there are indications that EHS individuals are more susceptible to RF-EMF than the rest of the population.
Methods
For this narrative review we considered studies published between August 2007 and November 2010 investigating the effects of RF-EMF on health-related quality of life. This includes studies on self-reported non-specific symptoms and the ability to perceive lowlevel RF-EMF exposure. We did not consider studies merely investigating physiologic effects such as changes in the electroencephalogram (EEG) or the cognitive functions. The reason for that is that the importance of these outcomes for health-related quality of life is unknown. In terms of exposure we included all studies that addressed RF-EMF sources in the frequency range of a few MHz up to 10 GHz. These include frequency modulated (FM) radio broadcasting (88- We did not consider studies exclusively based on self-reported exposure data, since this is particularly prone to bias in connection with self-reported symptoms [11] .
Relevant studies were identified in literature data bases such as Medline, EMBASE, ISI Web of Knowledge, and the Cochrane Library in November 2010. We also examined references from the specialist databases ELMAR (http://www.elmar.unibas.ch) and EMF-Portal (http://www.emfportal.de) as well as reference lists of the relevant papers.
Results
Exposure to close to body sources Since August 2007, nine experimental studies investigated associations between exposure from close to body sources and non-specific symptoms in laboratory settings using a crossover design (Tab. 1). In total, 790 non-EHS volunteers and 139 EHS volunteers were included in these studies. GSM900 mobile phones were addressed in six studies, TETRA handsets in two studies, and UMTS phones in one study. Another study investigated exposure to CDMA (code division multiple access) phones at 800 and 1900 MHz.
The trials revealed almost no increase in any symptom during exposure. Among the few exceptions were an increase in dizziness during GSM900 exposure in one out of three collectives [12] , an increased headache score during GSM900 exposure [13] , and a reduction in skin itching when being exposed to a continuous wave signal at 385 MHz [14] . In one study, two out of 82 participants had exceptionally high correct on/off judgments in one trial consisting of 100 ratings but both participants failed to replicate their performance one month later. Hillert et al. [13] observed nocebo effects, i.e. the belief that RF-EMF exposure had been active was associated with increased sensations of the face being swollen, skin reddening or feeling of heat, stinging pain and/or tingling in the skin, and pain in the left ear region.
Two observational studies addressed health-related quality of life in connection with mobile or cordless phone use by analyzing objective exposure data (Tab. 2). In the Danish subscriber cohort study, early mobile phone subscribers were more likely to get hospitalized with migraine (standardized hospitalization ratio (SHR) ¼ 1.2; 95% CI: 1.1-1.3) or vertigo (SHR-1.1; 95% CI: 1.1-1.2) compared to the rest of the Danish population [15] . In a Swiss cross-sectional study of 1212 adults, neither sleep disturbances nor excess daytime sleepiness was related to operator recorded and selfreported use of mobile phones or self-reported use of cordless phones [16] . In that study, operator data of all ingoing and outgoing call covering a six-month period prior to the survey was obtained from 453 study participants.
Far-field RF-EMF exposure Table 3 summarizes six experimental studies investigating the effects of far-field sources on health-related quality of life either in a laboratory setting (3 studies [17] [18] [19] ) or in everyday environments (3 studies). Two of these field intervention studies assessed the application of RF-EMF shielding [20, 21] , the third was based on randomly turning on and off a temporary constructed mobile phone base station [22] . In total, 709 non-EHS individuals and 102 EHS individuals were included in these six trials. Mostly, no association between RF-EMF exposure and symptoms was found. In one trial, the change in a headache score was larger under UMTS exposure than under sham exposure, when the data from 40 adults and 40 adolescents were pooled [19] .
In another study with 57 volunteers, RF-EMF exposure increased the ratings of the participants concerning their calmness [20] . Leitgeb et al. [21] applied three exposure conditions (true shield, sham-shield, and control) to a collective of 43 EHS individuals during three nights each. Besides recordings of polysomnography, subjective sleep quality was inquired. By analyzing each individual separately, the authors identified two individuals reporting an improvement in sleep quality during the true shield condition compared to the sham-shield, which would be indicative of an EMF effect. On the other hand, six participants experienced improved sleep quality by any type of shielding, which rather indicates placebo effects. In the pooled analyses, RF-EMF exposure was not related to sleep quality.
In the laboratory trial conducted by Wallace et al. [18] , EHS individuals reported more severe symptoms when they were informed that they were exposed to a TETRA mobile phone base station (open provocation). A similar tendency was observed in the non-EHS collective, however, to a lower extent. Subsequent doubleblind tests did not reveal any exposure effects, neither in the EHS nor in the non-EHS group. As presented in Tab. 4, eight observational studies investigated associations between far-field RF-EMF exposure in the everyday environment and health-related quality of life by means of cross-sectional analyses. Three of these studies reported statistically significant associations. In a German survey of 26,039 residents, the Frick symptom score of persons living within 500 m of a mobile phone base station was 0.34 (95% CI: 0.32-0.37) units higher than that of the rest of the participants [23] . However, subsequent dosimetric evaluations with measurements in the bedrooms of 1326 randomly selected volunteers from this survey did not confirm a relationship between measured mobile phone base station radiation and subjective symptoms [24] . In a small German questionnaire survey with 251 participants, numerous symptoms were more prevalent in participants living within 400 m of a base station compared to a control group living further apart and also within the 400 m radius, symptoms were strongly correlated with distance to the base station [25] . In another German study, Thomas et al. [26] observed an association between personal RF-EMF exposure recorded during one day and behavioral problems in adolescents (4th vs. 1 st quartile of exposure: OR ¼ 2.2; 95% CI: 1.1-4.5) but not in children (OR ¼ 1.3; 95% CI: 0.7-2.6). Further analyses of the subscales revealed an increased risk for conduct problems (OR ¼ 3.7; 95% CI: 1.6-8.4) and a tendency of an increased risk for hyperactivity (OR ¼ 2.1; 95% CI: 0.9-4.8).
Discussion
In experimental studies, few associations between near-field or far-field RF-EMF exposure and acute nonspecific symptoms were observed. None of the studies indicated that EHS individuals were more susceptible to RF-EMF than the rest of the population. Two studies addressing nocebo effects found evidence for this phenomenon. Overall, the recent experimental research confirms the conclusion of the previous systematic review [1] that short-term exposure to RF-EMF is unlikely to impair health-related quality of life. With respect to observational research, the number of studies has considerably increased since 2007. Interestingly, the more recent studies were less likely to report associations than the earlier studies.
For a balanced discussion of the available evidence the possibility of false positive as well as of false negative results has to be considered. Regarding studies reporting an association, systematic errors are of particular concern as they may introduce a bias, whereas Thomas [26] Crosssectional 1498 children (8-12 y) and 1524 adolescents (13-17 y) (participation rate: for studies reporting no association, non-differential misclassifications of outcome or exposure are of concern as this would dilute any type of association. Furthermore, statistical significance usually means that the likelihood of a false positive result is less than 5% but it does not completely exclude chance findings. Particularly when considering many results from numerous studies, false positive associations have to be expected in about one out of 20 analyses. On the other hand, true effects may be missed due to insufficient statistical power (in particular when applying conservative multi-testing corrections). For some of the observed associations bias may indeed be an explanation although this cannot finally be proven. In one study indicating an increased headache score during exposure [13] , two participants reported to hear a faint sound during the true exposure condition, which was confirmed by a co-worker. This technical flaw was fixed but may nevertheless have affected data of additional participants. In another randomized trial [19] , further analyses indicated that the observed increase in headache score during UMTS mobile phone base station exposure was due to a lower baseline score before the exposure rather than to a higher score afterwards.
The increased hospitalization rates for migraine and vertigo observed in the cohort of early Danish mobile phone subscribers may be explained by differences in socioeconomic status and lifestyle aspects of this collective compared to the Danish population [15] . This explanation is supported by the observation of lower rates of brain tumors and neurodegenerative diseases in these subscribers [27] . The association between personal RF-EMF exposure and behavioral problems in adolescents reported by a German study [26] might be due to reverse causality. Behavioral abnormalities may result in an increased use of mobile phones and other wireless communication devices. If so, these behavioral problems cause an increase in personal RF-EMF exposure [28] and not vice versa.
The Selbitz study [25] was conducted in the vicinity of one single mobile phone base station. In the paper, it is not explained why exactly this study area was selected. If there had already been public concerns about health risks caused by this base station that could have led to selection bias and could have heavily affected the study results. The strong decrease in the participation rates with increasing distance from the base station is supportive for such an explanation (participation rate <100 m: 36%; 300-400 m: 14%, control group: 28%). In addition to selection bias, no confounding factors were considered, the statistical methods were inappropriate and the selection criteria for the control group are not described.
Since the sporadic associations observed in 4 further studies point into different directions they may have occurred by chance: There were two beneficial exposure effects [14, 20] and two detrimental effects [12, 23] . Chance is, however, not a plausible explanation for the exceptional accurate on/off judgment of two participants in one trial because the p-values were below 10 À21 [29] . The probability of achieving such a performance by chance is as low as achieving six correct hits in a lottery (6 out of 49) three times in a row. Nevertheless, the two participants could not confirm their performance in a replication experiment, which makes this finding arguable and a temporary unblinding during the first trials might be a possible explanation. Regarding the bulk of experimental studies with non-significant exposure-response associations, nondifferential misclassification is not an issue in these studies as exposure conditions are well defined. A lack of statistical power may, however, be relevant in studies with small samples (e. g. <20 participants) or conservative adjustment for multiple testing. Since some studies had quite large samples, a relevant effect should have been detected in these studies. More subtle effects could be revealed by meta-analytic pooling of study results. However, the wide variety of study methods and outcome measures is a challenge for any meta-analysis and to the best of our knowledge no attempt to pool these results has been undertaken so far. Furthermore, we found no indication that the non-significant associations pointed preferable in the same direction. Rather, increased as well as decreased symptom scores in relation to RF-EMF exposure were found. In addition, the nocebo effects detected in two experimental studies indicate that the trials were sensitive enough to reveal detrimental effects of reasonable magnitude if they existed.
The most striking finding is the lack of associations in the majority of the recent observational studies, whereas until 2007 five out of six papers reported an association. Most of the old findings were related to residents in the vicinity of short-wave broadcast transmitters. On the one hand, this situation results in a relatively high exposure gradient, on the other hand, cluster studies investigating one single source of RF-EMF exposure are particularly prone to bias. Nocebo effects could also play a role since residents are aware of the exposure source and public concerns may have actually initiated the conduct of the study. Interestingly, also among the recent studies, the most pronounced exposure-response associations were reported by a cluster study conducted in the vicinity of a mobile phone base station [25] . The exposure gradients reported in that study are much higher than in another German study comprising eight urban regions [24] , and the authors assign the differing results to these discrepancies in exposure. However, no explanation is given why the exposure gradients produced by this particular base station would be much higher than those of other base stations. Possibly, the divergent exposure gradients are merely due to the different methods used to determine the exposure levels.
In observational research, the assessment of RF-EMF exposure is a major challenge as many field sources are involved resulting in a high degree of temporal variation and small-scale spatial heterogeneity. Measurement studies have shown that the distance to the next mobile phone base station is actually not correlated with personal RF-EMF exposure and also short-term measurements in the bedroom are only moderately correlated with it [28] . In the absence of a biologic mechanism it is also not known which exposure measure might be most relevant for health effects and how to combine near and far-field sources to one single dose measure. Thus, the amount of exposure misclassification in observational studies is expected to be substantial and could dilute any true exposureresponse association. Notably, the persons classified as highly exposed in the observational studies addressing far-field RF-EMF were actually exposed to rather low-field levels. The cut-off points for the highest exposure categories were below 0.5 V/m in all studies except the Selbitz study [25] . This reflects the situation in our everyday environment but is much lower than the reference levels established by the International Commission on Non-Ionizing Radiation Protection (IC-NIRP), which range between 28 and 61 V/m for the RF-EMF frequency range. Since the population exposure is considerably lower than that, it is currently difficult to investigate long-term health effects of RF-EMF exposure close to those levels.
In conclusion, this review including 15 randomized trials published between 2008 and 2010 revealed little evidence that short-term RF-EMF exposure causes non-specific symptoms and impairs health-related quality of life. This does not exclude other acute RF-EMF effects. For instance, Lowden et al. [30] observed EEG changes during sleep although the rating of subjective sleep quality was not affected. In order to improve epidemiologic research on long-term effects of far-field RF-EMF exposure, a sophisticated exposure monitoring is needed to enhance our knowledge of the population exposure. This may reveal populations with larger exposure contrasts where potential health effects can be investigated by means of longitudinal studies. Such studies are urgently needed given the worldwide rapidly ongoing development and application of wireless communication technologies. Because of the almost universal distribution of RF-EMF exposure, the public health impact of adverse effects would be substantial, even if only a very small proportion would be affected.
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